Although isoflavonoids are known to be inducers of nod genes in Bradyrhizobium japonicum, it was recently proposed that internal root levels of isoflavonoids may be important in nodule development on soybean (Glycine max [L.] Merr.). The hypemodulating soybean mutants were shown to accumulate higher root concentrations of isoflavonoid compounds (daidzein, genistein, and coumestrol) and to be more extensively nodulated than was the Williams parent when inoculated with B. japonicum. The hypernodulating mutants and the parent line, Williams, also showed decreased isoflavonoid concentrations and decreased nodule development if N was applied. The current study evaluated the effect of localized N03 application on root isoflavonoid concentration and on nodulation in split-root systems of the Williams wild type and a hypemodulating mutant (NODl-3). Nitrate application markedly decreased isoflavonoid concentrations in noninoculated soybean roots. When roots were inoculated, nodule number, weight, and nitrogenase activity were markedly suppressed on the root-half receiving 5 millimolar N03-compared with the other root-half receiving 0 millimolar N03-. High performance liquid chromatographic analyses of root extracts showed that the root-half receiving 5 millimolar N03-was markedly lower in isoflavonoid concentrations in both soybean lines. This was partially due to the localized stimulatory effect of N03-on root growth. The inoculated NODl-3 mutant had higher isoflavonoid concentrations than did the Williams control in both the presence and absence of N03-. These results provide evidence that the site of N application primarily controls the site of nodulation inhibition, possibly through decreasing isoflavonoid levels. Although the effect of N03-on nodule development and root isoflavonoid concentration was strongly localized, there was evidence that NO3-also resulted in a systemic effect on root isoflavonoids. The results are consistent with previous speculation that intemal levels of NO3-in the soil in contact with the nodulation zone was more inhibitory to soybean nodulation than when NO3-was placed below the nodulation zone (11). Gibson (7) showed a decreased 14C02 flux to nodules following supply of NO3-to the plant roots. In contrast, a split-root study with soybean showed that the root-half receiving a N source (either inoculated or supplied NH4NO3) received the majority of photosynthate compared with the root-half receiving no N (24).
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Nitrate inhibition of nodulation is a common regulatory feature of legume root nodule symbiosis which is primarily controlled by the host plant (3, 8) . Split-root studies have demonstrated a localized NO3-effect on nodulation in soybean (1 3) and clover (2). It was also shown that incorporation ' Supported in part by the American Soybean Association, Re- search Project 88412. of NO3-in the soil in contact with the nodulation zone was more inhibitory to soybean nodulation than when NO3-was placed below the nodulation zone (11) . Gibson (7) showed a decreased 14C02 flux to nodules following supply of NO3-to the plant roots. In contrast, a split-root study with soybean showed that the root-half receiving a N source (either inoculated or supplied NH4NO3) received the majority of photosynthate compared with the root-half receiving no N (24) .
It has been recently reported that hypernodulating soybean mutants (NOD 1-3, NOD2-4, and NOD3-7) exhibit increased nodulation capability in either the absence or presence of NO3- (9) . These mutants appear to be altered in autoregulatory control of nodule number normally shown by soybean. In another study involving nodulation mutants, Olsson et al. (19) used a split-root experiment to show that a 7-d prior inoculation of one-half of a root system totally suppressed nodulation on the other side for the Bragg parent, but not the supernodulation mutant (nts382).
It is known that the nod genes in Rhizobium are activated by plant signal compounds (flavonoids and isoflavonoids) exuded from the roots of host plants (6, 15, 20, 22) . The isoflavones, daidzein and genistein, have been isolated and identified as the major components which stimulate a Bradyrhizobium japonicum nodABC-lacZ fusion (15) . nod gene induction studies (17, 27) showed that there was no significant difference in inducibility of the nod gene-lacZ fusion among noninoculated seedling root extracts or exudates from a supernodulating mutant, a nonnodulating mutant, and the Bragg parent. In addition, coumestrol (a coumestan) and daidzein have also been shown to promote the growth of B. japonicum (5) . Isoflavonoids may, however, play other roles in the nodulation process beyond the role in nod gene induction and bacterial growth.
Our recent study (4) showed that hypernodulating mutants had higher concentrations of isoflavonoid compounds than did the Williams parent, and that N application markedly decreased isoflavonoid concentrations in nodulation mutants as well as in Williams. It was further speculated that nodule development may be related to root levels of isoflavonoid compounds. The current study was carried out (a) to determine the effect of localized NO3-application on root isoflavonoid concentration and on nodulation ofthe Williams wild type and hypernodulating soybean mutant (NOD1-3) using N03-EFFECT ON ISOFLAVONOIDS OF SOYBEAN SPLIT-ROOTS split-root systems, and (b) to test whether NO3-itself also affects isoflavonoid concentrations in noninoculated plants.
MATERIALS AND METHODS

Split-Root System
A modification of the split-root system described by Singleton (23) Reproducibility of the data was confirmed by preliminary runs in which experimental detail was established.
Preparation of Root Extracts for HPLC Analysis
After 9 and 12 d growth in the double buckets, two halfroots of each soybean line from each bucket were harvested at each sampling time and prepared for HPLC analysis of isoflavonoid compounds by a modification of the method previously described (4) . From 2 to 4 g of fresh roots were weighed and extracted with 20 mL of acetone by grinding with an Omni-mixer (Omni Corp. International, Waterbury, CT) in an ice bath for 1 min. The acetone extract was centrifuged at l0,000g and 4°C for 10 min. The acetone supernatant was decanted and evaporated under a stream of N2 gas. The resulting aqueous fraction was re-extracted three times with 4 mL of anhydrous ethyl ether. The ether fraction was transferred with a Pasteur pipette and evaporated to dryness under a stream of N2 gas. The resulting residue was resuspended in 0.7 mL of HPLC-grade methanol, centrifuged, and filtered through a 0.45 ,um Millipore filter prior to analysis. Recovery percent was estimated by comparing the samples with or without spiking with a known amount of standard compounds at the beginning of the extraction procedure. Isoflavonoid assay by HPLC was performed as described (4) . Four replicates of each soybean line and NO3-treatment were evaluated.
C2H2 Reduction Assay
Twenty-four days after inoculation, plants from another set of the split-root system were harvested for in vivo assay of C2H2 reduction and measurement of nodules as previously reported (9) . Four half-roots of each soybean line from each bucket were cut from the shoot and placed in 500-mL gastight jars. The jars were sealed and 50 mL of C2H2 was injected. Following a 30 min incubation at 30°C, 0.5 mL subsamples were analyzed for C2H4 production by flame ionization gas chromatography (Hewlett Packard 5890A Gas Chromatograph). Use of a closed system C2H2 reduction assay was justified by previous results (our unpublished results) that C2H4 production was linear through 30 min, except for a 3 to 5 min temperature equilibration lag, for hydroponically grown nodulated soybean roots. After the assay, the nodules were removed from the roots and counted. Plant roots and nodules were then dried for dry matter determinations. Four replicates of each soybean line and NO3-treatment were evaluated.
Isoflavonoid Analysis of Noninoculated Plants with or without N03-A separate experiment which did not involve a split-root treatment was conducted to evaluate changes in isoflavonoid compounds when roots were not inoculated. Soybean plants (Williams and NOD1-3) were grown in growth chambers as previously described (4), without inoculation treatment. Seeds were germinated in sterilized sand and transplanted on d 6 to 18-L polypropylene trays containing a modified Hoagland nutrient solution with either 0 or 5 mm NaNO3. Plants were sampled at 3-d intervals from transplanting throughout a 12-d growth period after transplanting. Daidzein, genistein, and coumestrol were assayed by HPLC as previously described (4) . Three replicates of each soybean line and NO3-treatment were evaluated.
RESULTS
Nodulation and Growth Characteristics in Split-Root Systems
Five millimolar N03-application to one side of the splitroot system resulted in inhibition of nodulation and N2 fixation (number, dry weight, and C2H2 reduction) in both the Williams wild type and a hypernodulating mutant (NOD1-3), compared with the other side receiving 0 mm NO3-( Table  I ). The inhibitory effect of N03-on nodule number, dry weight, and C2H2 reduction activity was more marked in Williams than in NOD 1-3. Nodulation was completely inhibited in the presence of 5 mm NO3-on Williams while some nodules were still formed on NOD1-3. Nodule numbers and dry weights of both soybean lines were also markedly suppressed where both root-halves received 5 mm NO3-compared with the treatment where both root halves received 0 mM NO3-. Shoot dry weight in both soybean lines markedly increased in the presence of NO3-, especially in Williams, compared with that in the absence of NO3-. The Williams wild type had more rapid root growth than did the NOD 1-3 line in the presence of NO3-. NOD1-3 showed a significant increase in nodule dry weight on the 0 mm NO3-side of the split-root system compared with the other side receiving 5 mM NO3-, or compared with both sides receiving either 0 or 5 mM NO3-. Williams did not show this response pattern for nodule dry weight. Root growth ofboth Williams and NOD 1-3 was more rapid on the 0 mm NO3-side of the split-root system when the other side received 5 mm NO3-than when both sides received 0 mm NO3;. This may be due to N deficiency at the time of harvest when neither side received NO3-.
Isoflavonoid Analysis of Root Extracts in Split-Root Systems Table II shows isoflavonoid concentrations and contents of root extracts from split-root systems ofthe Williams wild type and a hypernodulating mutant (NOD1-3) as affected by NO3-, harvested at 9 and 12 d after inoculation. Higher isoflavonoid concentrations and contents were observed at 12 d after inoculation in both soybean lines, relative to respective treatments at 9 d after inoculation, except for isoflavonoid concentrations of Williams roots when both root-halves received 5 mm NO3. There were more marked increases in isoflavonoid contents than in isoflavonoid concentrations with time because of the increased root growth of the plants.
The root-half receiving 5 mm NO3-was markedly decreased in isoflavonoid concentrations, compared with the other roothalf receiving 0 mM NO3- (Table II) . More marked decreases in isoflavonoid concentrations were detected when both sides received 5 mm NO3-compared with when only one side received 5 mm NO3;. The NOD1-3 hypernodulating mutant had a higher isoflavonoid concentration than did the Williams parent in all treatments. However, similar or higher isoflavonoid contents were measured in the root-half of Williams receiving 5 mM NO3-compared to the root-half receiving 0 mM NO3-. In NOD1-3, both content and concentration of isoflavonoids were lower in the root-half receiving 5 mM NO3-. In addition to a localized effect of NO3-on root isoflavonoid concentration, there was evidence for a systemic effect when comparing the root-halves receiving 0 mm NO3-for the 0/0 and 0/5 mm NO3-treatments. NOD1-3 had higher total contents (sum ofboth root-halves) ofisoflavonoid compounds than did the Williams parent, except for coumestrol, when only one side received NO3-treatment. The differences between soybean lines were smaller when only one side received N03-treatment, compared with when both sides received either 0 or 5 mm NO3-. The sum of isoflavonoid contents ofboth root-halves of Williams decreased when both root-halves received 5 mm NO3-, while the total isoflavonoid contents of NOD 1-3 roots decreased when either one or both root-halves received 5 mm NO3-, compared with the treat- (Fig. 2 ). There were no significant differences in root isoflavonoid concentrations between NO3-treatments of both soybean lines up to 3 d after NO3-treatment. After that time, however, 5 mm NO3-treatment markedly decreased the concentration of all three isoflavonoid compounds in both soybean lines relative to respective controls without NO3-. The differences in isoflavonoid concentrations between NO3-treatments became larger with time.
Within an NO3-treatment, no significant differences were detected in root isoflavonoid concentrations between soybean lines under the noninoculated growth condition.
DISCUSSION
It is well documented that N application inhibits all phases of nodulation, including bacterial infection, nodule development, and nitrogenase function (3, 10). It has also been reported that symbiotic efficiency of soybean plants grown on NO3-is slightly affected by B. japonicum strain (18) , but it appears that the host plant is in primary control of nodulation in the presence of NO3 (3, 8) . Once nodulation has occurred, subsequent nodulation on new roots of normal plants is suppressed by a plant process called autoregulation (14, 21) . Partially NO3-tolerant mutants of soybean (NOD 1-3, However, the previous (4) . / and current ( 
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Split-root studies (2, 13) showed a direct inhibitory effect of NO3-and indicated that the site of NO3-application */ controls the site of nodulation inhibition. Our results also showed that the root-half receiving 5 mM NO3-was markedly inhibited in nodulation and N2 fixation compared with the other root-half receiving 0 mM NO3- (Table I ). This may be causally related to the decreased concentration of isoflavonoid * compounds (Table II) isoflavonoid contents were, however, measured in NOD1-3 (Table II) . This may be from a localized stimulatory effect on Relationship between isoflavonoid concentration and nodroot development of both soybean lines in response to N03-or in split-root systems of Williams and NODl-3. Data of application, especially in the Williams wild type (Table I) . id concentrations are from 12 d after inoculation (TableII)
The split-root study by Singleton and van Kessel (24) showed of nodule number are from (19, 23) . However, Gibson (7) reported that 14CO2 flux to nodules decreased following supply of NO3-to the plant roots. It was proposed earlier that growth conditions which decreased C availability to nodules (i.e. conditions favorable to NO3-uptake, metabolism, and subsequent synthesis of organic N compounds) would result in minimal symbiotic N2 fixation (26, 28) . This response to an altered C to N ratio in the plant has been considered as an indirect effect of NO3-. Our previous study (4) showed that N treatment increased the shoot-to-root ratio, primarily through increased shoot weight in soybean plants, indicating that relatively more carbohydrates are utilized for shoot growth in response to N application. The previous (4, 9) and current ( Table I ) results also showed that shoot and root growth of hypernodulating mutant(s) was decreased, relative to that of the Williams parent, with root growth being affected more than shoot growth. This might be due to higher isoflavonoid concentrations of hypernodulating mutants in response to inoculation. Exogenous introduction of isoflavonoid phytoalexins can retard root growth (25) , and our hypernodulating mutants do have less root growth than the Williams parent.
The strong positive relationship between root isoflavonoid concentrations and nodule number (Fig. 1 ) supports the conclusion (4) that isoflavonoids may play a role in differential nodulation of hypernodulated and wild type soybean lines and the partial tolerance of nodulation to NO3-in hypernodulating mutants. This must, however, be viewed with caution, since the hypernodulating mutants and Williams have similar levels of isoflavonoid compounds when roots are not inoculated (Fig. 2) , and since the appearance of difference in isoflavonoid concentrations between lines which are inoculated is past the point in time when initial bacterial infection occurs (4). Mathews et al. (16) 
